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Abstract

A composite slab is defined as a steel profile with concrete on top, and when the concrete
reaches its expected strength, the two elements start to work as one through indentations
and geometry. This technology has been used since the 1980s in Europe, mainly in the
United Kingdom; however, it was only in 1983 that the first technical standard for the

calculation of this type of structure was released.

These standards were and still are based on experimental studies by various authors.
However, since the cost of conducting these tests is very high, the technique of using finite
elements and numerical simulation has been expanding in recent years as an alternative to
replace or validate these laboratory studies, proving to be highly effective when properties

are correctly inserted.

This dissertation presents the numerical study conducted to validate the temperature field
of a laboratory experiment, using the ANSYS software. It also validates the maximum
load-bearing capacity at ambient temperature compared to analytical calculation and
presents the calculation of the maximum load-bearing capacity when the temperature

field is applied for up to 120 minutes.

The study proved capable of representing temperature fields and validating the load-
bearing capacity of the slab in the software, demonstrating that such studies when the

correct properties are applied, can support experimental studies.

Keywords: Composite slab; Finite elements; Numerical simulation; Fire resistance
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Resumo

Laje mista ¢ definida como um perfil de ago com concreto no topo, e quando o concreto
atinge sua resisténcia esperada, os dois elementos passam a trabalhar como um s6 por
meio de reentrancias e geometria. Essa tecnologia vem sendo utilizada desde os anos
de 1980 na Europa, principalmente no Reino Unido; porém, apenas no ano de 1983 foi

lancada a primeira normativa técnica para o calculo deste tipo de estrutura.

Tais normativas se baseavam e ainda se baseiam em estudos experimentais de diversos
autores, porém, como o custo de elaboragao destes testes ¢ muito elevado, a técnica do uso
de elementos finitos e simulagdo numérica vem se expandindo nos ultimos anos, como uma
alternativa para substituir ou validar esses estudos em laboratorio, provando-se altamente

eficaz quando as propriedades sdo inseridas de forma correta.

Esta dissertagao apresenta o estudo numérico realizado para a validacdo do campo de
temperaturas de um experimento em laboratorio por meio do software ANSYS, a validagao
da capacidade portante méaxima a temperatura ambiente comparada ao calculo analitico,
e a apresentacao do cédlculo da capacidade portante maxima quando aplicado o campo de

temperaturas até 120 minutos.

O estudo provou-se capaz de representar os campos de temperatura e validar a capaci-
dade resistente da laje no software, mostrando que tais estudos, quando aplicadas as

propriedades corretas, podem servir de ajuda aos estudos experimentais.

Palavras chave: Laje mista; Elementos finitos; Simulacao numérica; Resisténcia ao fogo
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Chapter 1

Introduction

No money is received from an investment in construction until it is completed and, a
factor that greatly influences this statement is the time spent on building a typical floor.
Looking for answers to speed up the time of construction, the composite slab can be
advantageous over traditional concrete slabs made in situ [1]. The use of composite slabs
as a form of construction began in the United States and gained popularity in Europe

and the rest of the world.

Composite slabs are defined as profiled steel decking with concrete on top, where the deck
functions as permanent formwork. When the concrete reaches its full strength, the steel
and concrete collaborate as a unified structural element [2]. No other materials give a
better combination than steel-concrete when considering that concrete has low cost, high
strength, high corrosion resistance, abrasion resistance, and fire resistance, giving the steel

protection during an event of fire [1].

Safety against fire is a crucial factor when choosing the type of structure, traditional
concrete slabs can be more effective in the event of fire due to the concrete being able to

provide protection to the steel and delay the drop in resistance [1].

Due to a lack of research in the field of fire events, the use of composite slabs in the United
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Kingdom was delayed and only gained a significant increase after the 1980s, following
research findings that demonstrated the ability of composite slabs to withstand 90 minutes
of fire. Despite the high costs associated with such research, they represented only a

fraction of the sales and project potential realized with these slabs [3].

This technology can reduce the self-weight of the structure and, as a result, reduce the
forces in those components supporting them, such as foundations and columns. The
construction speed is significantly affected by its ability to support its weight and work
as a complete slab without the need for curing time, on tall buildings the decks can be
lifted in large packages and separated on the floor area, which is an advantage compared
to the traditional model. The composite slab gains increased appeal due to the growing

demand to expand column spacing [4].

As the cost of construction consistently increases due to various factors, the implementa-
tion of composite slabs can reduce labor costs, given that this system eliminates the neces-
sity of removing temporary formwork. The outer job is also cleaner and more accessible
to the workers, materials, and deliveries. The pre-engineered raceways for electrification

and communication from various manufacturers are economically efficient for clients [5].

Given the relativity light weight of the steel deck due to its thickness and the fact that

most of the decks already come pre-cut, the transportation is facilitated [2].

One of the most important aspects of designing a building is the thermal comfort that the
designer has to provide for its users. This thermal comfort can be defined as the amount
of heat the building is going to gain or lose, according to the outside temperature [6]. In
the past years, various materials have been used to control this temperature. Taking the
safety of the building into consideration, these thermal insulation materials can be used

also as fire protection materials, to avoid or delay the collapse of the structure.

Concrete can be considered as a form of passive protection against fire due to its thermal

properties. Normal weight concrete has between 1,5 and 3% of water in its composition
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that, in the event of a fire, this water will evaporate because of the heat and absorb a great
amount of heat, delaying the temperature increase at the fire site. Another noteworthy

fire protection attribute is the inherent non-combustibility of concrete [7].

When using the steel-deck system as a form of structure, tempering of the steel is a major
challenge, since the material will be exposed and will not have the traditional concrete to
protect its properties. To solve this issue, adding a layer of zinc (Zn) can be a solution,

given the zinc will act as a cathode in the metal corrosion reaction [8].

1.1 State of art

Even though composite slabs had already been used in Europe, the first recommenda-
tion for the calculation of the fire resistance of composite slabs was introduced by the
European Convention for Constructional Steelwork (ECCS) in 1983 [9]. This guideline
was used to base the elaboration of the section on composite slabs in Eurocode 4 Part
1.2. [10], which introduced a simple method of calculating the fire resistance based on the
ISO 834 [11] curve. The minimum requirement of fire protection needed for composite
slabs was 30 minutes of required fire resistance time, and, to achieve this, no additional
calculation needed to be done. To increase the fire resistance from 30 minutes to 60 min-
utes, additional measures such as reinforcements and insulating coats were necessary [12].
As the heat is transferred from the bottom of the slab to the top, the use of a positive
reinforcement in the middle and a negative reinforcement up on the top can increase the
structural resistance during the fire, since the increase of the temperature on the positive
reinforcement is less rapidly than the bottom and the negative reinforcement is relatively

slow.

Later between 1983 and 1985, the main manufacturer of steel decks in the UK commis-
sioned an experimental test conducted by the Construction Industry Research & Informa-
tion Association (CIRIA), to demonstrate that continuous composite slabs, incorporating

standard mesh reinforcement, could achieve fire resistance of 90 minutes [3].
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While the CIRIA tests were happening, between 1984 and 1986 the British Steel Cor-
poration (BSC), supported by the Fire Research Station (FRS) and the Department of
Environment, conducted an experimental test that had the objective of demonstrating the
viability of the fire engineering method in determining fire behavior of composite slabs,
by carrying out large-scale fire tests with spans of 7.0 meters. All 3 tests conducted by
FRS exceeded 90 minutes of fire resistance. The moisture of the normal-weight concrete
(NWC) was 3.3% indicating a normal level of moisture, that couldn’t interfere significantly

with the test results [3].

One of the most significant full-scale tests conducted on composite steel structures in fire
conditions was carried out by the Building Research Establishment (BRE) in Cardington,
UK 1990. The results of this test demonstrated that the composite floor structure could

withstand significantly higher levels of flexural load than originally anticipated.

Given that any experiment in the laboratory costs a considerable amount of money, the
development of thermal and mechanical numerical models to simulate the real conditions
of the slabs became an important strategy for analyzing such behavior. In 1991 Hamer-
linck described the behavior of a fire-exposed composite steel/concrete slab by comprising
a thermal submodel and a mechanic submodel. These models were validated by an exper-
imental test performed at the Centre for Fire Research TNO Building and Construction

Research in 1989 sponsored by the European Coal and Steel Community (ECSC) [13].

In 1995, Hammerlinck et al. [12] published an article reviewing the Eurocode 1994 Part
1.2 [14]. They asserted that the EC calculation method was excessively conservative,
attributing this to a scarcity of test information. The calculation method considered the
temperature distribution relied on conventional rules rather than heat-flow calculations,
the load-bearing capacity was determined using the elementary theory of plasticity, and
the influence of steel sheet on the load-bearing capacity at elevated temperatures was

overlooked.

The heat-flow distribution on a composite slab under fire is essentially two-dimensional
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due to its profiled deck. The different and non-linear properties of steel and concrete
contribute to creating a void, called an air gap, between the concrete and the steel as the
temperature increases, after this stage the structure ceases to work as a composite struc-
ture. In 1996 these new parameters were implanted in the finite element program DIANA
and a numerical simulation was developed to describe the two and three-dimensional heat

flow in fire-exposed composite slabs, presenting a good agreement with test results [15]

In 1999, a steel-framed test building was constructed to simulate a standard modern
city center eight-story office development, with sandbags representing the load. When
applying a fire test in the building, it was identified that the structure did not collapse even
though the unprotected beams reached temperatures over 900°C, and, as was expected,
the existing fire design codes are too conservative [16]. Leading these discoveries, in 2000,

a new method of calculating the steel was proposed [17].

Concerning the behavior of structures submitted to thermal and mechanical load, the
numerical modeling approach is an important resource for understanding different types
of collapse modes. Once it is accurately carried out, numerical modeling can substitute

the necessity of a huge amount of specimens in experimental analysis [18]. Noteworthy

finite element programs include ANSYS, ABAQUS, SAFIR (2000), and TASEF (1990).

FEM has been widely used for thermal and mechanical analysis of structural elements,
including composite slab elements. An example is the model proposed by Piloto et al
[19] for evaluating critical temperature in trapezoidal composite slabs. This model inves-
tigated thermal and mechanical behavior considering variations in slab thickness, using

the ANSYS software.

With an increase in the detail of materials available in finite element software, it has
become possible to expand and enhance the study of new possibilities. This allows for a
more detailed representation of phenomena occurring in laboratory experiments or real-
scale events. In this context, in 2019, Balsa et al [20] developed numerical methods

using ANSYS software to implement an air gap between the contact surface of the steel
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deck and the concrete. This event occurs when such surfaces are affected by fires. Such
enhancement is possible with the implementation of shell elements in the software, where
a single element can have one or more layers with different thicknesses and physical

properties.

The standard calculation methods for composite slabs are based on real-scale experiments,
numerical methods, and analytical methods. The numerical and analytical methods are
calibrated according to experimental data, a recent real-scale experiment was conducted
by Bolina in 2019 [21]. It revealed that approximately 5 minutes after exposing the slab
to the ISO 834 fire curve, there was a detachment between the contact surface of the steel
deck and the concrete. This demonstrates that for most of the slab’s exposure to fire, the

element does not work as a composite structure.

In 2021, Balsa et al. [22] developed a computational model to simulate the thermal
behavior of composite slabs under standard fire conditions. Through parametric analysis,
they determined temperatures for various composite slab geometries. The model they
proposed captured effects that the current Eurocode overlooks, such as the debonding
effect between the steel deck and concrete and the thickness of the concrete topping. The
new calculation method they introduced incorporates an additional term into the existing

formulation, accounting for the thickness of the concrete topping.

In 2023, Bolina [23] conducted experiments testing two scenarios of composite slabs under
fire conditions. One scenario applied a constant temperature field with a variable load,
while the other applied a temperature based on ISO 834 for up to 180 minutes with
a constant load. It was demonstrated that the current standard calculation method is
based on the constant temperature and variable load, scenario one, thus not capturing
the increase in structural stress levels during temperature rise. However, according to the
author, the constant load and variable temperature scenario can represent more realistic

situations.

Piloto et al. (2024) [24] conducted numerical studies using finite element software to
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validate the temperature field in a commercial composite slab. The study demonstrated
the effectiveness of correctly implementing convergence factors as well as the boundary
conditions of the element. The airgap created between the concrete and the steel deck
was modeled using shell elements with multiple layers and different properties for the air

and steel.

The numerical modeling proposed in this thesis involves defining the thermal and mechan-
ical properties of the materials used, as well as the numerical method applied in calculating
the temperature fields of materials, state of stress, deformations, and displacements. The
most commonly used programs, such as ANSYS, use FEM to process the solution of this

and many other physical problems of continuous media.

In the context of thermal analyses, the two-dimensional model demonstrates greater accu-
racy by conducting only a cross-sectional analysis and allowing the verification of tempera-
ture gradients in the relevant section [25]. Regarding to mechanical behavior of structural
members, such as beams and slabs, at ambient or elevated temperature, the distribution
of stress and strain, as well as the displacement along their span, are spacial, so a 3D

volumetric model is requested.

1.2 Research objectives

The search for new ways to enhance fire safety in structures has been presenting new
possibilities. With the rising popularity of suspended ceiling systems, the adoption of a
composite slab system has become increasingly viable, offering the advantage of concealing

the structure.

Over time, the steel and composite construction industry has introduced innovative so-
lutions in composite slabs. In this scenario, researching to investigate their efficiency,

especially when subjected to high temperatures, is important.

The main objective of this thesis was to perform a numerical simulation using the finite
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element method to analyze a fire scenario in a composite slab made of steel and concrete,
filled with a thermal blanket. The simulation is based on a full-scale experiment specifi-
cally focused on fire [26]. The approach outlined aimed not only to replicate the thermal
effects exerted by the fire on the slab but also to model the behavior of the structure under

the application of a load, with the goal of simulating conditions that resemble reality.
The overall objective is divided into the following specific objectives:

e Develop a numerical model using the non linear thermal properties and determine

the temperature field in materials resulting from applied thermal action.

e Develop a numerical model representing the mechanical properties, which vary with
the temperature of the materials, as well as the applied actions, and consequently,

the behavior of the material analyzed through its stress, strain, and displacement

fields.

» Validate the numerical models by comparing them with experimental results already

conducted and published in the literature.

» Determine the resistance of the composite slab subjected to high temperatures based
on criteria established by normative codes, namely, insulation, integrity, and me-

chanical strength.

The composite structure studied in this thesis comprises a steel deck, functioning as a
permanent formwork, along with mineral wool employed to delay the impact of fire on the
slab, thereby ensuring prolonged structural safety. This assembly includes two 10 mm-
diameter reinforcement bars known as refont au feu’ for fire protection, a 5.5mm diameter
steel mesh to prevent concrete cracking during a fire, and a concrete layer designed to

withstand compression forces and meet the requisite criteria for slab protection.

The slab modeled in the ANSYS software, as illustrated in Figure 1.1 consists of a gal-

vanized steel sheet with a thickness of 1mm, mineral wool with a density of 50 kg/m?,
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concrete to withstand compressive forces, and 10mm and 5.5mm steel bars to support
positive and negative bending forces, respectively. Figure 1.2 shows the slab used in the
laboratory study. There is also the possibility to add an extra thermal protection to the
bottom of the steel deck, as represented in Figure 1.2. Figure 1.3 shows the representation

of the COFRADAL 200 slab and its components.

Figure 1.1: Model of the slab (ANSYS) Figure 1.2: ArcelorMittal Slab

Anti-crack mesh

Rebar

Mineral wool
Steel deck

Figure 1.3: COFRADAL 200 - ArcelorMittal



Chapter 2

Heat transfer and material

properties

2.1 Heat Transfer

Cengel [27] defines heat as a form of energy that can be transferred from one body
to another, and that happens because of the difference in temperature between those
bodies. These changes are going to happen always from the high-temperature body to
the lower-temperature body and will happen in three different modes, such as, conduction,

convection, and radiation.

2.1.1 Conduction

Conduction is a form of energy transfer between the most energy-loaded substance or body
to the least energy-loaded substance or body. This transfer can happen between solids,
gases, and liquids. In liquids and gases, this conduction happens because of collisions
and diffusion of the molecules during a random movement; in solids, it happens according
to the vibration rate and free electrons transfer it. The transfer rate will depend on the

geometry, thickness, and material of the substance or body [27].

10
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The French Mathematician Fourier [28] described conductivity as a transfer of heat from
a hot body to a cold body, tending to lower the temperature of the hot body and increase
the temperature of the cold body. The representation of this phenomenon can be found

using the Equation 2.1 below.

ar

Q=-r— (2.1)

Where @ is the heat flux (W/m?), X is the Thermal Conductivity, d7T" is the difference
between the temperature of the materials and dx is the distance in which the heat flows

by the contact area.

2.1.2 Convection

Cengel [27] describes convection as a way of transferring energy between a solid surface
and the adjacent liquid or gas that is in motion. The fluid motion and the convection
heat transfer are proportional, the faster the fluid, the greater the convection. The heat
transfer that occurs by convection is ruled by the Newton’s law of cooling, as described

by the Equation 2.2 below.

q=hA(Tw —T) (2.2)

Where g is the heat flow (W/m?), h is the average coefficient of heat transfer by convection,
A is the area of the surface where the heat transfer occurs, T, is the fluid temperature

far from the surface and 7T is the surface temperature.
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2.1.3 Radiation

Unlike conduction and convection, radiation is a form of transferring heat that happens
through electromagnetic waves (or photons) and does not need the presence of an inter-
vening medium. Radiation is the fastest means of heat transfer, moving at the speed of
light, and does not lose or suffer attenuation in a vacuum [27]. The maximum amount of
radiation a body can emit is called a blackbody radiation. This name implies that these
bodies are black in the sense that they absorb all visible light and other types of radiation
that reach them [29]. However, the radiation emitted by all real surfaces is less than that

of a blackbody. This radiation can be defined by the Stefan-Boltzmann law.

The factor that distinguishes radiation from a blackbody to real surfaces is emissivity,
the value of this parameter ranges between 0 and 1 and measures how close the surface
approximates a blackbody, which ¢ = 1. The Stefan-Boltzmann law to calculate the

radiation heat flow (W/m?) is given by the Equation 2.3 below.

Qemit = eo'AsTle(W) (23)

Where o represents the Stefan—Boltzmann constant (5.670 x 1078W/m? - K* or 0.1714 x
1078Btu/h - ft> - RY). ¢ is emissivity, A,(m?) is the surface area and T2 (K or R) is the

thermodynamic temperature of the surface.

Since radiation heat transfer is influenced by factors such as surface orientation, radiation
properties, and temperatures [27], the concept of the view factor (¢) was introduced to
account for this orientation dependency. The view factor, also referred to as the shape
factor, configuration factor, or angle factor, is a geometric parameter employed in these

calculations. Equations 2.4 and 2.5 show the parameters utilized.

i+ (=5 = g+ (55
_ i

Qbupper —

(2.4)
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h3 + (%)2 + s+l — 1) - \/h§ + (l3+%)2

Being h as the height and 1 as the width as indicated in Figure 2.1. The view factor is

¢web -

(2.5)

used in the heat flux equation shown in Equation 2.6.

H ~ $upper
Il

M— ¢ web

|| h

Figure 2.1: View factor represented on the model

KNTT = o (T, = T) + ¢emeso (T, — T (2.6)

Where k is the thermal conductivity, 7" is the temperature, ¢, and €; are the emissivity

of the material and the surface, respectively, and ¢ is the view factor.

2.1.4 Heating curve

As for the thermal curve of the furnace, the Equation 2.7 was taken from the ISO 834-
11:2014 - Fire resistance tests [11]. The heating curve is disposed of in Figure 2.2. Where

T is the temperature [°C], and t is the time in minutes.
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T = 345 - log,(8t + 1) + 20 (2.7)

T [°C]
1200 [

1000
800 |
600
400

200

0 50 100 150 200
t [min]

Figure 2.2: Heating Curve according to ISO 834

2.2 Material properties

2.2.1 Mechanical properties

According to the pr EN1993-1-2:2023 [30], the following Equations 2.8, 2.9 and 2.10 give
the thermal expansion. Figure 2.3 illustrates the relative thermal expansion (Al/l) during
temperature of steel (6,) elevation, where [ is the steel length at 20 °© C and Al is the

induced expansion.

For 20 °C < 0, < 750 °C

Al
- = L2x 10790, — 0.4 x 107862 — 2.416 x 10~* (2.8)
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For 750 °C < 6, < 860 °C
A
ll =1.1x102 (2.9)

For 860 °C < 6, < 1200 °C

All =2x107°0, — 6.2 x 107° (2.10)

Al/l
0.02

0.018 [
0.016 |
0.014 f
0012 |
0.01 [
0.008 F
0.006 f
0.004 f

0.002 [

Figure 2.3: Thermal expansion of Steel

For a heating rate ranging from 2 to 50 K /min, as in the case of ISO 834 [11], pr EN1993-
1-2 [30] stipulates that the properties of carbon steel, in case o this study represented by
the steel deck, should be obtained under the conditions of Table 2.1 that describes the 3

main stages of carbon steel at elevated temperatures.

Table 2.1: Stress-Strain Relationship (pr EN1993-1-2 [30])

Strain range Stress Tangent modulus

€< Ep,0 €Ea,9 Eaﬂ

Continued on next page
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Table 2.1: Stress-Strain Relationship (pr EN1993-1-2 [30]) (Continued)

0.5 b -
Epo <€ < Eyp fp’g —c+ (g) [CL2 — (éy’g — 8)2} (Ey,e €>2 05
a[cﬂ—(ey?g—s) }
Epo S €< Eyp fy.0 0
Ero < &< Eup ) [1 — (75;2?9)] -
E=Cup 0.00 —
Parameters Epo = gp’i7y,:0.027t,20.157u,:0.20
Function a? = (5y,9 - 5p,9) (5y,9 —Epot+ ﬁ)
b =c (éyﬁ — €p,9) Equp+ c?
o (fy,G_fp,0)2
CcC =
(ey,é)_sp,Q)Ea,G_Q(fy,H_fp,B)

Where
fyo 1is the effective yield strength
fpo 1s the proportional limit
E,p is the slope of the linear elastic range
€p,o 1is the strain at the proportional limit
€y0 1s the yield strain
1o 1is the limiting strain for yield strength

€up 1s the ultimate strain

As the temperature increases, the resistance of carbon steel decreases, as per pr EN1993-

1-2 [30]. This decline is visually represented is quantified in Table 2.3 below.

Table 2.3: Reduction Factor (pr EN1993-1-2 [30])

Reduction factors at temperature h relative

to the value of f, or E, at 20°C

Continued on next page
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Table 2.3: Reduction Factor (pr EN1993-1-2 [30]) (Continued)

°C Reduction factor Reduction factor Reduction factor
(relative to fy) (relative to f,) (relative to E,)
for effective yield | for proportional limit | for the slope of the
strength kp, 0 = fJ’Z—yG linear elastic range
ey, 0 = L2 kp, 0 = Z2t
20 1.00 1.000 1.00
100 1.00 1.00 1.00
200 1.00 0.807 0.90
300 1.00 0.613 0.90
400 1.00 0.420 0.70
500 0.78 0.36 0.60
600 0.47 0.18 0.31
700 0.23 0.075 0.13
800 0.11 0.05 0.09
900 0.06 0.0375 0.0675
1000 0.04 0.025 0.045
1100 0.02 0.0125 0.0225
1200 0.00 0.00 0.00
NOTE: For intermediate values of the steel
temperature, linear interpolation may be used.

17

Applying the reduction coefficients shown in Table 2.3, the following graph stress (o)

versus strain (g¢) in Figure 2.4 is obtained.
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— 700 °C

----- 200°C  ==-300°C
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€
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Figure 2.4: Stress x Strain curve for steel deck

About reinforcements, they adhere to analogous principles as those employed on the steel

deck. It has distinct reduction coefficients governing their behavior, as presented in Table

2.4 extracted from pr EN1992-1-2 [31].

Table 2.4: Reduction Factor (pr EN1992-1-2 [31])

Reduction factors at elevated temperatures
°C ey, 0 = L4t ky, 0 = L2 kp, 0 = L2t
20 1.000 1.000 1.000
100 1.00 0.96 1.00
200 1.00 0.92 0.87
300 1.00 0.81 0.72
400 0.94 0.63 0.56

Continued on next page
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Table 2.4: Reduction Factor (pr EN1992-1-2 [31]) (Continued)

19

200 0.67 0.44 0.40
600 0.40 0.26 0.24
700 0.12 0.08 0.08
800 0.11 0.06 0.06
900 0.08 0.05 0.05
1000 0.05 0.03 0.03
1100 0.03 0.02 0.02
1200 0.000 0.000 0.000

NOTE: For intermediate values of the steel

temperature, linear interpolation may be used.

The reduction in the Stress versus Strain in the reinforcement at elevated temperatures

is illustrated in Figure 2.5.

—20°C  eee- 200 °C — 600 °C

0 [MPa] .....700 °C = -800 °C

= =300 °C
— 900 °C

—400°C =—500°C
—1000 °C ==-1100 °C

400 |

300

200

100

Figure 2.5: Stress x Strain curve for reiforcement steel
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The following equations may be used to determine the thermal expansion Al/l of normal

weight concrete with siliceous aggregates.

For 20 °C < 6. < 805 °C

- = -l2x 10746 x 107%0, + 1.4 x 1071163 (2.11)
For 805 °C < 6, < 1200 °C
Al
- =12 107° (2.12)

Where [ represents the length at 20 °C in meters, Al defines the temperature-induced

expansion of the concrete, and 6. denotes the concrete temperature in degrees Celsius.

The Thermal Expansion at elevated temperatures is illustrated in Figure 2.6.

0.0161

0.014
0.012
0.010
0.008
0.006
0.004

0.002 |

0.000 e
800 1000 1200

Figure 2.6: Thermal expansion for concrete

The stress-strain behavior of concrete at elevated temperatures, pr EN1992-1-2 [31] out-
lines a table defining the reduction factors. This study specifically employs concrete

characterized by silicon aggregates.
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For &, < cu0

(2.13)

Table 2.5: Reduction factor (pr EN1992-1-2 [31])

Reduction factors at elevated temperatures
°C ke,0 = % Ec1,0 Ecul,d
20 1.00 0.0025 0.002
100 1.00 0.004 0.0225
200 0.95 0.0055 0.025
300 0.85 0.007 0.0275
400 0.75 0.01 0.03
500 0.6 0.015 0.0325
600 0.45 0.025 0.035
700 0.3 0.025 0.0375
800 0.15 0.025 0.04
900 0.08 0.025 0.0425
1000 0.04 0.025 0.0425
1100 0.01 0.025 0.00475
1200 0.000 0.000 0.000
NOTE: For numerical purposes, a descending branch may be used.
Linear or non-linear models may be used for .19 €. < €cu10

Figure 2.7 visually represents the stress versus strain curve, derived from Equation 2.13
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and incorporating reduction factors from Table 2.5.

----- 20°C = =100°C =—300°C ==-200°C =—400°C = 500°C
339 [MPa] — 600 °C  =—=700°C == 800°C -+ 900°C = =1000°C = 1100 °C
25 [ et e e et et - o
f) emmmmemmssssssssooooo-
P e — =
20 F iy
i e =
Zfl’l / /
I — e e e
:.:,'1// / /
i P
10 /s —
Lt -~
_5:':/ / s -~
5 0
0 : R I =Sttty AN
0 0,005 0,01 0015 002 0025 003 0035 004 0,045 0,05

€

Figure 2.7: Stress x Strain curve for concrete C25/30

The descending curves of both concrete and steel are not represented in the stress-strain

curves due to the construction model used and the parameters accepted by the software.

2.2.2 Thermal properties

Steel

The steel properties used in this dissertation were sourced from pr EN1993-1-2 [30], a

standard that outlines the thermal properties of steel for use in construction and struc-

tural reinforcement according to the steel temperature (6,). The equations employed for

calculating these properties are presented below.

Following the pr EN1993-1-2 [30] the density (p) of steel is 7850 kg/m? 2.14 and shall be

considered independent of the temperature, as shown in Figure 2.8.
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p = 7850 lkg] (2.14)

m3

The specific heat (¢,) was determined by the Equations 2.15 to 2.18 and illustrated in
Figure 2.8:

For 20 °C < 6, < 600 °C

J
Ca =425+ 7.73 x 10710, — 1.69 x 107362 +2.22 x 10762 le] (2.15)
g

For 600 °C < 6, < 735 °C

ot 202 ] o
For 735 °C < 6, < 900 °C
=55+ [IJK] (2.17)
For 900 °C < 6, < 1200 °C
Ca = 650 [k;K] (2.18)

For thermal conductivity (\,), the Equations 2.19 and 2.20 used and the constant obtained

are presented below and illustrated in Figure 2.8:

For 20 °C < 6, < 800 °C

%
e = 54— 3.33 x 1020, [mK} (2.19)



24 CHAPTER 2. HEAT TRANSFER AND MATERIAL PROPERTIES

For 800 °C < 6, <1200 °C

Ay = 27.3 [ﬂ?;(} (2.20)

Figure 2.8 illustrates the thermal properties of steel according to temperature.

cada,p = =ca[ VkgK]-10= —h [WmK]107T e p [kg/m*]-10~>
60

50 |
40 |
30 |
20 |

10} RN

0 200 400 600 o 800 1000 1200
a

Figure 2.8: Thermal properties of steel

Concrete

The properties of the concrete used in this study are based on normal weight concrete
(NWC), which is also commonly referred to as conventional concrete. These properties

can be found in pr EN1992-1-2 [31] and varies according to the concrete’s temperature

(6e) -

The Equations 2.21 to 2.24 used in this dissertation were obtained from pr EN1992-1-2
[31] for the specific heat (c,).

For 20 °C < 6. < 100 °C

J
=900 |- 2.21
ce = 900 lkgK] (2.21)
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For 100 °C < 8, < 200 °C
J

For 200 °C < 6. < 400 °C

c. =900 +

(6. —100) | J
2 [l{;g[(]

For 400 °C < 6. < 1200 °C

c. = 900 +

(0. —100) | J
2 lk:gK]

J
Ce.peak = 2020 [W]

25

(2.22)

(2.23)

(2.24)

(2.25)

According to pr EN1992-1-2 [31], the specific heat of the concrete must be considered

as a constant between the temperatures of 100 °C and 115 °C due to evaporation of the

water and calculated with a linear decrease between 115 °C and 200 °C. In this thesis,

the moisture content of the concrete will be assumed to be 3%, based on the information

provided in the manufacturer’s [26].

Regarding thermal conductivity (\.), the Equations 2.26 to 2.28 utilized in this thesis

were extracted from pr EN1992-1-2, as demonstrated below.

For 0, < 140 °C

0. 0
—2-0.2451 x | —= | +0.01
Ao 0.245 ><<100>+0007><<

100

(2.26)
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For 140 °C < 6. < 160 °C

w
Ao = —0.026040,, + 5.324 | —— 2.2
.= —0.02604, + 5.3 [mK} (2.27)
For 160 °C < 6, < 1200 °C
Mo = 136 — 0136 x (2} +0.0057 x (- Q{W] (2.28)
c ‘ 100 ‘ 100) LmK '

Regarding the density (p) of normal-weight concrete, it is noted in pr EN1992-1-2 [31]
that in the event of a fire, the concrete experiences a reduction in moisture content, which
consequently affects its density. The standard defines that the density of normal-weight
concrete ranges between 2000 (kg/m?) and 2600 (kg/m?), for this thesis, the density used
was 2300 (kg/m?3). Figure 2.9 illustrates density, specific heat with moisture in 3%, and

thermal conductivity.

For 20 °C < 6. < 115 °C

o kg
p(6,) = p(20°C) m (2.20)
For 115 °C < 6. < 200 °C
0.— 15 | kg
6.) = p(20° 1—0.02 — 2.
p(0) = p20°C) 1= 02 P 0 1B (2.30)
For 200 °C < 6, < 400 °C
6. — 200 | kg
= p(20° 98 — 0. — 2.31
p(6:) = p(20°C) x 0.98 = 0.03 x = [m?’] (2.31)

For 400 °C 6, < 1200 °C
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p(0.) = p(20°C) x 0.95 — 0.07 x 9;08100 [fg] (2.32)
ZS)E)C(; cl_” p = =cp [J/kgK] —c [WmK]10>  eeee p [kg/m?]
2000 |
1500 |
1000 |
500 |
0
0 200 400 600 800 1000 1200

T[°C]

Figure 2.9: Concrete thermal properties

Air

The thermal properties of air are not disposed on any normative, so it was necessary to
browse on bibliography. The data given by Engel [27] are based on experimental results
and are presented in Table 2.6 and Figure 2.10 illustrates the thermal properties of air
at elevated temperatures. These properties will be implemented in the numerical model
as part of the simulation. During the initial minutes of the fire, the steel deck and the
concrete suffer a separation, creating air layers that act as a thermal barrier. The air

layer was implemented inside the shell element with a thickness of one millimeter.
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Table 2.6: Air properties according to the temperature

Temperature Density Specific Heat Thermal
T [°C] p [29] Ca []WLK} Conductivity A, [%}
0 1.292 1.006 0.2364
10 1.246 1.006 0.2439
20 1.204 1.007 0.2514
30 1.164 1.007 0.2588
40 1.127 1.007 0.2662
50 1.092 1.007 0.2735
100 0.9458 1.009 0.3095
200 0.7459 1.023 0.3779
400 0.5243 1.069 0.5015
600 0.4042 1.115 0.6093
800 0.3289 1.153 0.7037
1000 0.2772 1.184 0.7868
1200 0.2299 1.214 0.8674
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Figure 2.10: Air thermal properties

Mineral wool

29

1200

To prevent fire from spreading to the structure, the numerical simulation incorporates

mineral wool insulation with a 50 kg/m? density. The thermal properties of the mineral

wool have been derived from pr EN1995-1-2 [32]. The variations in the properties of

mineral wool are presented in Table 2.7 and visually depicted in Figure 2.11.

Table 2.7: Mineral Wool properties according to the temperature

°C Thermal Conductivity Ca [,WLK} P/ P20 Density
Ao ] p 5]
20 0.036 880 1 50
100 0.047 1040 1 50
200 0.06075 1160 0.98 49
400 0.252 1280 0.977 48.85

Continued on next page
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Table 2.7: Mineral Wool properties according to the temperature (Continued)

600 0.4204 1350 0.973 48.65
800 0.6446 1430 0.97 48.5
925 0.8408 1470 0.96 48
1200 1.2613 1580 0.887 44.35

Ap,ep,p = =cp [J/kgK]-103 —p [WmK] e p [kg/m*]-10-2

1.8

16 f

14 [

12 f

1o f

08 |
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0.0 &

0 200 400 600 800 1000 1200

Figure 2.11: Mineral Wool Properties



Chapter 3

Methodology

The thermal and mechanical simulations were conducted using the software ANSYS Me-
chanical APDL and, according to availability, three different finite elements were chosen
for each type of simulation. In the thermal model, the finite elements were Shell 131
for the steel deck, Link 33 for the reinforcement and steel mesh, using different cross-
sectional areas, and Solid 70 to represent the Mineral Wool and Concrete. The finite

element software used in this dissertation is ANSYS Mechanical APDL.

3.1 Thermal analysis methodology

3.1.1 Finite elements

In this section, it is described the elements that were used to represent the materials in
the thermal simulations. The finite elements were selected based on their availability in

the software and their accuracy in representing the physical properties of the materials.

Shell 131 is a 3D element with thermal conduction on the plane of the element and
through its thickness. The element has 4 nodes, and each node has up to 32 temperature

degrees of freedom. This three-dimensional element is used in thermal simulations and

31



32 CHAPTER 3. METHODOLOGY

generates temperatures that can be passed to structural shell elements. The element
employs linear interpolation functions in the plane with a complete Gauss integration
method (2 x 2), along with linear interpolation using three Gauss points in its thickness.

Figure 3.2 represents the element in the ANSYS model.

This element can create multiple layers with different thicknesses and properties. These
layers can be used to simulate the formation of an air layer resulting from the displacement
between the steel deck and the concrete or mineral wool during fire exposure as represented

by 3.2 and 3.1, being the layer 1, air and layer 2, steel.

| LAYER2

Figure 3.2: Steel Deck in ANSYS

Figure 3.1: Shell 131 geometry

Solid 70 is an eight-node 3D element with a single degree of freedom at each node. This
element has been selected for this analysis due to the applicability of transient thermal
analysis. The element represents the concrete in the thermal analysis, and isotropic prop-
erties have been defined for the thermal model. This element uses a linear interpolation
function and a full Gauss integration scheme (2 x 2 x 2). Figure 3.3 represents the geom-
etry of Solid 70 and Figures 3.5 and 3.4 represent concrete and mineral wool in ANSY'S,

respectively.
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Figure 3.3: Solid 70 geometry

Figure 3.5: Concrete in ANSYS

33

- T

Figure 3.4: Mineral wool in ANSYS

Link 33 is a three-dimensional element that can transfer heat between its nodes, having

only one degree of freedom for temperature at each node. The heat is transferred between

the nodal points. In the thermal model, Link 33 represents the reinforcement bar and the

steel mesh, each with different cross-sectional areas. Figure 3.6 shows the node description

for the element.
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Figure 3.6: Link 33 node description

The representation of the rebars and the mesh used against the cracks are shown in Figures

3.7 and 3.8.

Figure 3.7: Mesh - Link 33 in ANSYS

Figure 3.8: Rebar - Link 33 in ANSYS

The nodes from these elements are in perfect contact with the concrete, sharing the same

nodes from Solid 70.

3.1.2 Thermal model calculation

The thermal model employs a 3D nonlinear transient thermal analysis. The software

calculates heat transfer using Equation 3.1 and previously shown Equation 2.6. These
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equations are represented in differential form, enabling the simulation of heat conduction
in materials. Boundary conditions are defined by the equality between the heat flux

arriving at the surface due to convection and radiation.

aoT
kNPT +q = pC— (3.1)

ot
Where k is the thermal conductivity, p is the density, C' is the specific heat of the material,
q is the heat transfer rate, T' is the temperature, ¢ is the time. The time ¢ in Equation
3.1 requires the use of an incremental solution and the temperature requires an iterative

procedure for each time increment.

3.1.3 Boundary conditions

Boundary conditions have the function of defining the behavior of the mathematical model
within a specific domain during the simulation period. As the thermal simulation only
involves heat exchanges from a bottom-up heat source simulating fire and does not entail
any applied load on the structure, constraints were not required to prevent displacements
and rotations. However, this situation had to be altered for the thermal-mechanical

simulation.

Convection

For the convection parameters, the recommended values were extracted from the EN 1991-
1-2 standard (2002) [33], as heat transfers affected by radiation are assumed. Therefore,
the convection coefficient applied to the unexposed surface is o, =9 [W/m?K] to include
the radiation effect. On the other hand, the convection coefficient for heat transfer on the
exposed face affected by the ISO 834 heat curve is o, =25 [W/m?K]. These values align
with those used in the report that served as the basis for the thesis. The configuration of

the convection coefficient distribution is represented in Figure 3.9.
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oc =9 W/m?K

“ oc =25 W/m2K

Figure 3.9: Convection distribution

To represent the boundary conditions existing in the 2mm gap between the two steel
decks, a convection coefficient of ., =25 [W/m?K] was also implemented, assuming these

areas are directly exposed to fire. This is represented in Figure 3.10

oc =25 W/m2K

Figure 3.10: Convection Gap

Radiation

The emissivity (¢) of a material varies depending on its composition and surface charac-
teristics. This property is crucial in calculating non-contact temperature measurements
and heat transfer. The equation that prescribes this heat exchange between two surfaces

without considering the distance between the surfaces is illustrated in Equation 3.2.
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Energy emitted by a sur face

€= 3.2
Energy ematted by a black body at same temperature (3:2)

In the Mechanical APDL software, surfaces are assumed to be Gray Diffuse, implying
that absorptivity equals emissivity, and emissivity plus reflectivity equals one. Energy
transfer between two surfaces is calculated using the Stefan-Boltzmann Law, which states
that heat transfer depends on the emitting surface’s area and emissivity, the two surfaces’
absolute temperature, and the orientation angle between them. This heat exchange is

represented by Equation 2.3.

As prescribed by EN 1991-1-2 [33] the concrete’s emissivity is assumed as ¢, = 0.7, but,
as the concrete is not directly exposed to fire is not going to be used. The steel emissivity
is assumed as €, = 0.5, once the steel deck as a zinc layer on it’s surface. The emissivity

of the fire is assumed as €y = 1.

For the underside of the steel deck, a flame emissivity value of e;=1.0 was utilized. How-
ever, for the space created by the connection of the two decks, where heat transfer is
limited due to geometry, a value of ¢ - ;,=0.5 was adopted. These boundary conditions

are represented in the Figure 3.11

den=0.5

den=1

& dei=1

Figure 3.11: Representation of the boundary conditions for emissivity
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3.1.4 Solution controls

The thermal analysis conducted for this thesis employed transient analysis, which com-
putes the system’s response over a defined period of time. The analysis time was set to
7200 seconds, equivalent to 2 hours, mirroring the laboratory experiment. For the Time
Control, a "Time increment’ was defined with a Time step size of 60, with a minimum time
step of 1 and a maximum of 60 seconds. This setup means that if the solution converges
in the first attempt, the time increment will be 60 seconds. If the time step size reaches
1 and convergence is still not attained, the solution will terminate. For the accuracy of
the results, all the results were saved, for every time step. The convergence parameters
for the iterative process adopted a heat flow with a tolerance of 1 x 10~ and a minimum

reference value of 1 x 107¢ (W).

3.2 Mechanical simulation methodology

In the mechanical simulation, the following materials were utilized to represent the steel
deck, reinforcement bars, and concrete. As the mineral wool has no mechanical strength,
this element will not be used in the mechanical simulation. The air gap between the slab
and the concrete or mineral wool, depending on the location, was also deleted, as air

possesses no mechanical properties.

3.2.1 Finite elements

The change of element type for the mechanical simulation was performed using the element
type change command from thermal to structural, where the software converts to the
corresponding elements. The Shell 131 was transformed into Shell 181, excluding the air
gap layer. Link 33 was transformed into Link 180, assigning section areas according to
those provided in the reference [26]. Lastly, Solid 70 was transformed into Solid 185, with

mechanical properties assigned to the material representing the concrete.

Shell 181 element is adequate to analyze with thin to moderated thick shell structures.
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It is a four-node element with four to six degrees of freedom on each node, these being,
translations in x, y, and z directions and rotations about x, y, and z-axes. In the context
of this study, the element is configured with the default characteristic on ANSYS, bending
and membrane. The integration option "full with incompatible" was selected. The element
will represent the steel deck and is equivalent to Shell 131 in the thermal model. Figure
3.12 illustrates the Shell 181 element. This element uses linear interpolating function with
full integration Gauss method in the plane of the element and five integration points over

thickness.

14 o7

Figure 3.12: Shell 181 Figure 3.13: Steel Deck

Link 180 is a three-dimensional spar that can be used to model trusses, sagging cables,
links, springs, and many other engineering applications. Link 180 is a uniaxial tension-
compression element and has three degrees of freedom at each node, being, translations
in nodal x, y, and z directions. It supports stress-stiffness terms encompassing large-
deflection effects, and it supports various material models, including elastic isotropic
hardening plasticity, isotropic hardening plasticity, kinematic hardening plasticity, Hill
anisotropic plasticity, and Chaboche nonlinear hardening plasticity. This element repre-
sents the reinforcement bar in the mechanical model and is equivalent to Link 33 in the

thermal model. Figure 3.14 illustrates Link 180 and Figure 3.15 in the ANSYS model.
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This element uses linear interpolating functions with one Gauss integration point.

P
Figure 3.14: Link 180 Figure 3.15: Rebar

The link 180 element type is also used for the reinforcement mesh with ¢ = 5.5mm that
is used to prevent small cracks in the concrete during the event of fire. This mesh is

illustrated in Figure 3.16, and is superposed to the concrete finite element mesh.

Figure 3.16: Mesh reinforcement

Solid is a 3D element used to design solid structures, such as representing the concrete

in the mechanical simulation. The element has three degrees of freedom, translations in
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the nodal x, y, and z directions. It also can simulate deformations of nearly incompress-
ible elastoplastic materials. Figure 3.17 illustrates Solid 185 geometry and Figure 3.18
illustrates the concrete in ANSYS.

Figure 3.17: Solid 185 Figure 3.18: Concrete

3.2.2 Simplified calculation method

For calculating the sagging resistance moment My;; rq, the simplified calculation method
presented in Annex D in the EN 1994-1-2 [34] was used. Since the slab’s geometry does
not have a specific method represented in the standard, minor adaptations were made to

predict the load-bearing capacity of the slab.

For the calculation of the design resisting moment, the concrete, steel bars, and steel
plate components were individually assessed to determine their respective areas and sub-
sequent resistant stresses. Afterward, the position of the neutral axis was determined
using Equation 3.3 to find the area of compressed concrete. Finally, using the centroids
of each element, as shown in Figure 3.20, the slab’s resisting moment was calculated. The

flowchart shown in Figure 3.19 illustrates the process for obtaining this moment.
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Figure 3.19: Sagging moment resistance calculation

The forces exerted by each component, multiplied by the quantity of each element present

in the slab, are shown in Figure 3.21. The position of each component are illustrated in

Figure 3.20.
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Figure 3.21: Force of the components

Figure 3.20: Cross-section of centroids

For calculating the position of the plastic neutral axis of the concrete, the method of

equilibrium of horizontal forces on the slab section was employed, as described by Equation

3.3.

Zpl:aslab'l'fc'ZE
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Being [ the total width of the slab, f. the compressive strength of the concrete, and z,

the distance of the plastic neutral axis from a reference point.

After the determination of the plastic neutral axes of the concrete, the moment resistance

My; 1ra of the slab was calculated according to the Equation 3.4.

Myisra =) Aizikyo, ( o ) + Qstap Y Ajzikeo (”) (3.4)
i=1 M. fi =1 VM. fise
Where z; and z; are the distance from the plastic neutral axis to the centroid of the

elemental area A; or A;.

Both equations 3.3 and 3.4 were adapted from the calculation procedure performed by

ArcelorMittal [35] for composite structures.

3.2.3 Support conditions

For the support conditions used in the simple supported slab, zero displacements were
applied to the lines of nodes corresponding to the supporting interfaces, representing the
connection of the slab to a beam. At one end, displacements in the X and Y directions
were constrained, while at the other end, displacements in the X, Y, and Z directions were
constrained, thus forming a statically determinate element. These support conditions are

demonstrated in Figure 3.22.

,,,,,,,,,,

ffer Ty

Figure 3.22: Support conditions
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3.2.4 Load application

Regarding the force applied to conduct the load-bearing capacity test of the slab, the
force was used in the form of table for incremental solution method. This means that a
proportional load increment is applied to the slab with each time increment. Following the
recommendation of EN 1994-1-1, two interface surfaces were used to represent the bearing
load plates, which are located at L/4 meters from the support, where L represents the
span length. In his case, the span length is 4.4 meters. Figure 3.23 and 3.24 illustrate the

mode of incremental load application on the slab.

LOAD LOAD
1100 i 1100 -

4400

Figure 3.23: Load application Figure 3.24: Load application ANSYS

After calculating the bending moment, it was possible to estimate the soliciting action in
the structure. This estimation is made according to the structural system prescribed by
pr EN1994-1-2 [34] for flexural tests. In this case, the slab is conceived as an isostatic
structure supported on both sides and receives the load at one-quarter of the span, as
illustrated in Figure 3.25. Considering the span of 4.4 meters, the force is applied at 1.1
meters from each support. The section between the applied forces is subjected to constant

bending, and the bending moment is given by Equation 3.5.
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M =load x 1.1 (3.5)

Being the load applied and 1.1 is the distance between the point load application and the
slab’s support.

The moment diagram of a cross-section of the slab is shown in Figure 3.25.

132.76 kN.m

=1

Figure 3.25: Moment diagram

3.2.5 Solution controls

In the mechanical simulation, the chosen method was structural static analysis, with the
Large Displacement Static option. This signifies that the program is designed to undertake

a nonlinear static analysis, including the effects of significant deformations.

For time control parameters, the end of the load step was set to 1200 seconds. The time
increment was selected as the method of time control, with a time step size of 50 seconds,

a minimum time step of 0.001, and a maximum time step of 75 seconds.

The program initially seeks an equilibrium position using a time of 50 seconds in the
analytical process. If it fails to achieve equilibrium, the program automatically employs
a bisection method, progressively reducing the applied time or load on the slab until an

equilibrium position is attained. To ensure precision, all substeps were written.
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3.3 Thermal structural analysis

After validating the temperatures in the numerical simulation based on the reference
[26], thermo-mechanical simulations were conducted by applying load to the structure to
measure its mechanical resistance under fire conditions. The parameters and how the

model was processed are detailed in this section.

3.3.1 Thermal and mechanical properties

The thermo-mechanical properties used in this dissertation were extracted from pr EN
1992-1-2 [31]. They mostly include reduction coefficients for their respective strengths
as temperature increases, which can even reach 0 at temperatures above 1100 degrees

Celsius, in the case of steel.

3.3.2 Analytical calculation method

Using the temperatures determined in the thermal analysis, it was possible to get the
nodal temperatures of all elements that contribute to the structural resistance of the slab.

This temperatures are listed in Table 3.1

Table 3.1: Component temperatures

Location 30min | 60min | 90min | 120min

Lower Deck | 767.41 | 889.01 | 956.07 | 1002.48

Lower Web | 567.76 | 700.70 | 781.21 | 840.07

Rebar (Area) | 63.48 | 127.24 | 198.52 | 272.64

Upper Web | 146.73 | 229.10 | 295.46 | 354.08

Upper Flange | 505.76 | 675.36 | 786.65 | 865.39

Concrete 15.78 | 30.74 | 52.13 73.79
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After the nodal temperatures were obtained, the Equation 3.4 with the reduction coef-
ficients for both the steel reinforcement and the steel deck, as well as for the concrete.
These coefficients were extracted from prEN 1992-1-2 for the concrete and reinforcement,
and from prEN 1993-1-2 for the steel deck. Figure 3.26 illustrates the reduction of the
maximum moment capacity during the evolution of temperature in the elements that

provide structural resistance.
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Figure 3.26: Evolution of moment capacity

3.3.3 Load application method in the numerical model

For the thermo-structural analysis, a constant load was applied over a period of time
during which the slab temperature varied according to the thermal simulation results,
using LS files to call these temperatures. In total, 720 LS files were inserted into the
model, causing the temperature to increase every 10 seconds, aiming for better accuracy
in the model. The final time was set at 7200 seconds with a maximum increment of 10

seconds and a minimum of 1 x 1073,
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3.4 Performance criteria

As outlined in EN 1363:2020 [36], to qualify as structurally safe in the context of fire, an

element must retain its load-bearing capacity, integrity, and insulation.

3.4.1 Loadbearing capacity

The load-bearing capacity is defined as the maximum load or weight a structure can
support without undergoing failure or excessive deformations. This capacity is influenced
by factors such as the thickness of slabs and environmental considerations, including
exposure to fire. The Equations 3.6 and 3.7, defined in EN 1363:2020 [36], establish the
limits for the element where L is the clear span of the test specimen, in millimeters and d
is the distance from the extreme fiber of the cold design compression zone to the extreme
fiber of the cold design tension zone of the structural section, in millimeters. The limiting
deflection represents the maximum allowable vertical displacement of the slab, measured
in millimeters. Simultaneously, the rate of deflection limit signifies the permissible rate

of vertical displacement for the slab.

dD r
(dt)limit = 000 > d ™™ (3.7

The loadbearing failure occurs when the measured deflection is bigger than 1.5 X Dy, or
Diimie and (dD /dt)jimi are exceeded. In the case of the slab studied, the value for Dy
is 242 mm and (dD/dt)m is 10.8 mm/s.
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3.4.2 Integrity

This criterion is deemed fulfilled when hot gases and flames stemming from the fire on
one side of the element are effectively prevented from passing through the slab, thereby

safeguarding the other side of the element.

3.4.3 Insulation

Regarding insulation, which is the capacity to prevent heat transfer from the exposed to
the unexposed side. It is assumed that the criterion is met when the average temperature
of the unexposed slab does not increase by more than 140 Kelvin, or the maximum
temperature of the unexposed face does not exceed 180 Kelvin, both above the initial

average temperature.

3.5 Advanced calculation method

In the construction industry, there is a constant pursuit of more economical means of
building structures, and this also has an impact on the research field, as full-scale tests of
buildings and elements, for example, require a considerable amount of financial resources.
Considering this, techniques to replace or reduce these full-scale tests have emerged. Such
techniques should be previously validated by experimental tests, eliminating the need for
a series of samples to prove a particular result. One of the approaches to solving these

problems, which is used in this thesis, is the Finite Element Method.

The finite element method (FEM) emerged as an approximation technique for solving
problems in elasticity theory. This methodology is rooted in the variational principles of

Rayleigh-Ritz and the weighted residual methods, particularly the Galerkin method.

The FEM prescribes a subdivision of a continuous domain of integration into small regions,
referred to as finite elements. In this procedure, the continuous domain is treated as a

discrete domain.
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In a finite element mesh, each point of intersection is termed a 'node’. Consequently,
each finite element is comprised of a set of nodes situated at its boundaries. Thus, this
method involves determining the nodal variables. These variables depend on the physical
characteristics of the continuum. For thermal problems, where the continuum is subjected
to temperature variation, the variable to determine is the temperature. In mechanical

problems, the nodal solutions consist of displacements.

The numerical modeling consists of defining an approximation function that describes the
behavior of the structure. On the FEM, the functions are defined on the domain of the
finite element, which implies that the function of potential energy II; is defined for each
finite element and, when summed, they form the functional of the total potential energy

IT for the entire discrete domain. This idea is formulated in Equation 3.8.

=31, (3.8)

The finite element is described by approximation functions, denoted as wu;, which are
formed by multiplying shape or interpolating functions, denoted as N;, with node vari-
ables, denoted as a;. Typically, the shape functions are polynomials. This allows the shape

functions to be defined by an Equation similar to (3.9) that describes their behavior.

"= ;@”(1 (=B =) +us(1+ ) (1 — 1)1 —7)

tug(l+s)(T+6)(1—7r)+u(l—s)(1+t)(1—r7) (3.9)
tupy (1 —=s)(1—=t)(1+7)+un(l+s)(1—=0t)(1+7r)

+uo(l+s)(1+t)(1+7)+up(l —s)(1+t)(1+7))

The shape function depicted above represents the displacement u of a hexaedric solid
finite element, formulated with linear shape functions on s, ¢, and r (local coordinate
system) along with the nodal displacements values u; through w,. Variational calculus is

employed to characterize the potential energy functions, as shown in Equation 3.10
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1
I = 7/ ETUCZV—/ udeV/ u’pdA (3.10)
2Jv v A

The first term corresponds to the internal strain energy, equal to the principle of virtual
work performed by internal forces. The second and third terms correspond to the virtual

work performed by the body force b and the external force p.

In representing the continuous system through energy functions, the equilibrium condi-
tions, also referred to as stationarity, are determined by minimizing this function, which

entails setting its first derivative to zero, as depicted in Equation 3.11.

1
5Tl = f/ aTadV—/ udeV/ uT'pdA = 0 (3.11)
2Jv 1% A

In problems of elasticity, the field of deformations and stresses is related through the
constitutive relationship within the framework of virtual work. The 3D Hooke’s law

applies in the linear regime, as represented in Equation 3.12.

Ors 1—v v v 0 0 0] [ew
Oyy v 1—w v 0 0 0 Eyy
Oz _ E v v 1—v 0 0 0 €4z (3.12)
Tay (1+v)(1-20) | o 0 0 =2 0 0 Vay
Tus 0 0 0 0 52 0 | |7
Tye 0 0 0 0 0 2| |

The strains are written as a function of nodal displacements, through compatibility con-

ditions, described in Equation 3.13
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The solution to the energy minimization problem results in the equation k; x u; = f; for
each finite element, which, when summed over the entire domain, yields the global system

of equations, represented in Equation 3.14

K] x {u} = {F} (3.14)

Where K represents the stiffness matrix of the model, which is the sum of the stiffness

matrix of each finite element and u denotes the vector of nodal displacements.

In thermal analysis, as in the present dissertation, the Finite Element Method (FEM)
equations are established by the thermal capacity matrix combined with the heat exchange
constants, multiplied by the vector of nodal parameters, which, in this case, represent the
nodal temperatures. On the other side of the equation, the thermal action applied is

represented.

The methodology applied to this study was divided into two parts, these being, thermal
and mechanical simulations using different types of materials models, to represent each
element more appropriately. Each simulation has its boundary conditions and is explained

in the following items.
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3.5.1 Newton-Raphson method

In numerous elasticity problems, it is imperative to precisely define the physical properties
of materials, such as the modulus of elasticity, as a function of the stress and strain fields
they manifest. This becomes essential when the applied load surpasses a threshold, leading

to stress-strain ratios that extend beyond the linear elastic regime.

In these cases, it is necessary to use an incremental-iterative calculation method to solve
nonlinear problems. Among several methods, such as the Secant method, Bisection
method, and Arc Length method, the Newton-Raphson method is considered the most

suitable for various nonlinear problems in solid mechanics.

In nonlinear problems, solved through incremental and iterative methods, the solution to
the equation expressed in Equation 3.14 for determining the parameters u is now expressed

as demonstrated in Equation 3.15.

Vi1 = Y(an +1) = fup1 — Pla, +1) =0 (3.15)

Where F' is the external force vector and P is the internal force which depends on the
parameter u, which is associated with the stiffness matrix and the vector nodal parameter
u, and the function ¥, ,; is the function which represents the difference between internal
and external forces. The function ¥, can be written in the form of Equation 3.16 on

the incremental and iterative method.

Bt = v+ (G) =0 (.10
n+1

On the the Equation 3.16 indicates that the value of the function ¥ on the iteration ¢ + 1

av\’

assumes the previous value summed with the increment ( du) " du’,. The force values of
n

F and u are represented similarly as showed in Equations 3.17 and 3.18
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Foi = F, + AF, (3.17)

Ups1 = Uy + Auy, (3.18)

Advancing in the discretization of the formulation, the Equation 3.19 is obtained.

P(upy1) = [K] X Upy1 (3.19)

Where the partial derivation of P generates the Equation 3.20

OP (1) = [K] X Ounsr (3.20)

Considering the force vector F' independent of displacement w, its derivative obtained

from Equation 3.20 results in Equation 3.21.

U
8\1!:—8P:—KT><8u:O—>KT:gu (3.21)

Substituting [K] from Equation 3.21 into 3.16 yields Equation 3.22.

K x dul, = W! (3.22)

Isolating the variable parameter du, is obtained Equation 3.23

= (Kp) " x Wi, (3.23)
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In a series of successive approximations, the unknown parameter u;;;ll is the sum of the

value at the previous step and the increment dul,,,, resulting in Equation 3.24.

ulth =l g+ dul (3.24)

The unknown parameter can be represented as the initial value plus the sum of successive

increments, resulting in Equation 3.25

uth = u, + Z du® (3.25)
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Results

In this section, the results obtained from the thermal and mechanical simulations will be
presented, along with the analysis and comparison of the data obtained concerning the

experimental data.

4.1 Thermal simulation

The results obtained in the ANSYS software were compared with those obtained in the
laboratory test provided by the reference. For the accuracy of the comparison, nodes
with positions equal to or similar to those of the thermocouples used and reported in the
experimental test were selected. Temperatures recorded in the finite element software
SAFIR were also compared, and extracted from the test report [26]. The root mean
square error (RMSE), which is a performance indicator for a regression model, aimed at
measuring the average difference between two data sets—in this thesis, the experimental
model and the numerical model (ANSYS). RMSE is governed by Equation 4.1. The

locations of the 10 analyzed points are illustrated in Figure 4.1 below.

o6
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RMSE = | i =y (4.1)

Where n is the number of samples, ¢; is the observed value and y; is the predicted value.

T10 T10

Figure 4.1: Location of thermocouples

Point T1, located at the base of the steel deck and exposed to fire, exhibited an RMSE of
66.16 °C, closely approximating the laboratory-recorded temperature. Considering that
temperatures on the deck can peak at around 950 °C, this discrepancy is acceptable and
also, according to EN 1363-1 [36], at any time after the first 10 minutes of the test,
the temperature recorded by the any thermocouple in the furnace shall not differ from
the corresponding temperature of the standard temperature/time curve by more than
100 °C. Conversely, Point T2, positioned in the gap between sheet junctions, recorded an
RMSE of 132.55 °C, slightly higher than expected. Nevertheless, both the numeric results
from ANSYS and those from SAFIR, provided by the document [26], observed in Figure
4.2 (a), demonstrate that the numerical strategy presented in this dissertation results in

satisfactory results.

Points T3 and T4, in Figure 4.2 (b), located at the concrete and mineral wool interface
but at different heights, showed RMSE errors of 30.26 °C and 24.21 °C, respectively. Point
T3, the nearest point to T2, did not suffer from the influence of the imprecision of the

thermal field at T2. This shows that, in uniform areas, regarding the discretization of the
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continuous domain, the numerical strategy yields accurate results. Similarly, Point T5, in
the reinforcement region, yielded an RMSE of 94.86 °C, maintaining a difference of less
than 100 °C from the experimental test due to the varying heat absorption of metal and
concrete elements. Points T6 and T7, near the steel mesh, had RMSE values of 40.20 °C
and 36.95 °C, respectively. Additionally, Point T8, in the middle of the concrete above
the mineral wool, had an RMSE of 16.51 °C. Finally, points T9 and T10, in figure 4.2(e),
on the unexposed faces, recorded RMSE values of 5.56 °C and 12.5 °C, indicating close
agreement between the ANSYS software and the test described in the utilized report.

These results are illustrated in Figure 4.2.

The numerical simulation conducted in the software and the experimental results from
the reference [26] met the insulation and integrity criteria required by EN 1363-1 (2020)
[36]. The maximum temperature on the unexposed face did not exceed 180 Kelvin at any
point and did not experience an average temperature rise of more than 140 Kelvin above
the initial temperature. The test also met the integrity criterion, as no gas penetration
was observed during the experiment, and the temperatures recorded in the software were

insufficient to ignite the cotton.

Figure 4.2 also illustrates the values extracted from the report for the SAFIR software,
which was used to validate the experimental results [26]. ANSYS achieves greater accuracy
in results compared to SAFIR. Table 4.1 shows the temperature difference calculated with

Root Mean Square Error
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Figure 4.2: Results Thermal Simulation
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Table 4.1: Root Mean Square Error

POINT LOCATION RMSE
T1 Base of Steel Deck 66.16
T2 Gap between the decks 132.55

T3 Concrete and Mineral Wool Interface 30.26

T4 Concrete and Mineral Wool Interface 24.21

T5 Reinforcement 94.86
T6 Steel mesh 40.20
T7 Steel mesh 36.95
T8 Concrete 16.51
T9 Unexposed face 5.56
T10 Unexposed face 12.50

Figures 4.3, 4.4, 4.5 and 4.6 displays the temperature field at the end of 30 minutes, 60
minutes, 90 minutes and 120 minutes of the simulation in the middle of the span, revealing
all structure elements. The significant influence of the gap between the steel decks on heat

dissipation in the structure is evident.

Figure 4.3: Thermal field at 1800 s Figure 4.4: Thermal field at 3600 s
— . —_| e — —
Figure 4.5: Thermal field at 5400 s Figure 4.6: Thermal Field at 7200 s

Figure 4.7 shown the temperature field in the 3D model at the end of 7200 seconds.
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Figure 4.7: Slab on 3D perspective at 7200 s

4.2 Mechanical Simulation

At ambient temperature, according to the simplified calculation methods in the analytical
solution, it was expected that with a total force of 120,687.20 N divided among 276 nodes,
all of which are located at the load application interface, totaling 874.54 N per node, the
slab would reach its load resistance limit. In numerical moment terms, this force represents

132.75 EN.m.

With the incremental force solution method (GMNIA), the slab resisted up to a load of
857.50 N per node, achieving a resistance moment of 130.17 kN.m. These results showed

a difference of 1.98%. The deformed slab is shown in Figure 4.8.
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Figure 4.8: Deformed model at the end of the simulation

In the displaced form, showed by the curvature and colours illustrated in Figure 4.8, the
steel deck and concrete are continuously connected, as assigned in the model, no friction
loss was considered. Therefore, the structural model at ambient temperature exhibited

the expected behavior.

The displacement in the vertical direction (Y) was measured during the evolution of the
load in the numerical simulation. Figure 4.9 shows the displacement progression at a
selected node in the middle of the span, where both the moment and displacement are
maximum. The slab suffered a maximum displacement of 11.3 millimeters at the end of

the simulation.
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Figure 4.9: Displacement at the middle of the span

4.3 Thermo-mechanical procedure

4.3.1 Analytical method

The load-bearing capacity of the slab was obtained through the pr EN1994-1-2 [34],
however, due to the complexity of the deck’s geometry, the temperature fields present in
the slab cannot be applied, as they are designed for a specific type of composite slab. The
study of the temperature field calculated in the numerical model was important for the

analytical resistance calculation.

4.3.2 Numerical method

The thermostructural model is processed in stages. The first stage consists of applying
the force. Since this value is small, as it is a proportion of the maximum force, the

numerical model remains stable, and convergence is achieved with few processing steps.
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Consequently, the behavior of the slab regarding its stress and strain field is easily deter-

mined.

In the second stage and subsequent ones, the transient thermal field obtained from the
thermal analysis is applied to the structural model in incremental intervals of 10 seconds,
as described in 3.3.2. The mechanical properties of each structural material are altered

according to their respective temperatures.

In the initial time increments, where the underside of the steel deck still has a temperature
of up to 100 °C, no reduction in yield and ultimate stresses, as well as in the modulus of
elasticity, is recorded. On the other hand, this metallic material already exhibits thermal
expansion in the middle of the span, where there is no contact between the steel sheet
and the concrete. Since this span has its longitudinal displacement prevented at the ends,

the expansion results in compression and instability behavior in the lower sheet.

The numerical solution for instability behavior would require analyzing more complex
numerical strategies, including a new mesh study to determine the best refinement for
models subjected to generalized states of stress and strain, modal analysis of elastic in-
stability to alter the geometry of slender elements to consider their buckling modes and
analysis of the contact interface between steel and concrete at the ends of the slab to

determine relative displacement due to loss of frictional resistance.

Due to the complexity level of the thermostructural numerical model, which would require
review and completion in a short period, the resistance criterion was verified based on the
procedure prescribed in eurocode [10]. In this analysis, the thermal field was extracted

from the thermal analysis of this study.
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Conclusions

5.1 Thermal analysis

The study presented the development of a thermal simulation conducted with finite ele-
ments that validated an experimental test extracted from a reference article. According
to pr EN1994-1-2, the insulation criterion, which requires that the increase in average
temperature on the unexposed side does not exceed 140 Kelvin above the initial average
temperature, was met, as points T9 and T10 reached maximum temperatures of 65.79
°C and 99.50 °C, respectively. Also, the criterion that requires that any point of the

nonexposed face does not reach temperatures higher than 180 Kelvin was achieved.

It is noticeable that the result obtained by the software differs from the experimental one
at the beginning of the test (5 to 15 minutes) and over time. It was observed that the view
factor of the 2 mm opening was an important parameter for the simulation temperature
to be close to the experimental temperature in this region. The thermal model can be

used for parametric studies using material properties and correct simulation parameters.
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5.2 Mechanical analysis

Given that the slab has a high level of complexity in its geometry and there is no specific
procedure to calculate the maximum moment resistance in the standards, achieving a dif-
ference of 1.98 % between the simulation and the analytical calculation can be considered
a high precision simulation test. The so-called sharp corners where the concrete, steel
deck and mineral wool materials meet create an instability phenomenon in the software,

which can hinder convergence with more accurate results.

5.3 Thermo-mechanical conclusion

On the numerical simulation, once the boundary conditions were applied for displacement,
and ANSYS still applies the default conditions for moment and force, the steel deck
expands due to the temperature increase of the slab and the thermal expansion properties
of steel, experiencing thermal compression because of the support conditions applied
at its end. As a result, the Newton-Raphson method fails to converge with the rising

temperatures.

Although the calculation was performed analytically following the standard, the numerical
thermal simulation was crucial for obtaining the components’ temperatures throughout
the temperature rise. This is because, for this type of slab, the standard does not establish

a temperature field to be used for the application of reduction coefficients.

5.4 General conclusion

The results of both thermal and mechanical simulations have shown that finite element
software is capable of analyzing structures in both fields. However, the accuracy of the
analysis depends on the correct input of physical properties and proper modeling of the

structure. These two factors are fundamental for accurate results to be obtained.
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5.5 Future works

For the future works is recommended the list below.
o Perform a new mesh study and continue with the thermo-structural modeling.

« Inserting a concrete fracture model, in the case of ANSYS, the Solid65 element is

the most recommended.

o Perform thermo-structural simulation using the temperature field, considering the

instability modules of the steel, as it is subject to thermal compression.
o Conduct a new experimental study using different span measurements.

o Increase the span of the numerical study.
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